Abstract: A series of neutral four-coordinated zinc(II) complexes with S 2 N 2 binding set were synthesized and found to have remarkable catalytic activities towards the hydrolysis of p-nitrophenyl acetate (NA). The kinetics in aqueous Tris-HCl [Tris = tris(hydroxymethyl)aminomethane] buffer solution (pH = 7.50) containing 40% (v/v) acetonitrile at 25 ± 0.1 °C, I = 0.1 Μ (adjusted with NaCl) were studied and the second order rate constants k c (M 's 1 ) were obtained. The results revealed that the catalytic activities of these complexes towards the hydrolysis of Ν A were close to those of Zn(II) complexes reported as carbonic anhydrase (CA) model complexes.
INTRODUCTION
The sulfur atom of the cysteine residue and the nitrogen atom of the histidine residue are two of the most common donors in biological systems. They can bind to metal ions to form the active sites of metalloenzymes and metalloproteins. 5 In order to further understand the structure and function of metalloenzymes and metalloproteins, many investigations have been carried out on chemical model systems. Especially for the mimicking of metallohydrolases, many studies have been reported up to now. Model complexes with metal ions such as Cu(II), Co(III), Zn(II) and organic ligands with nitrogen or nitrogen/oxygen donor set were investigated in details. " 8 Recently the synthesis and structure of several zinc(II) complexes with an S 2 N 2 moiety have been reported. 9 '" Lippard 10 described the reaction of [Zn(SPh) 2 ( 1 -Melm) 2 ] (l-Melm = 1-Methylimidazole) with (CH 3 0) 3 P0 as a modeling study of the DNA methylphosphotriester repair site in Escherichia coli Ada. However, up to now, there is no report on the hydrolysis ofp-nitrophenyl acetate (NA) catalyzed by zinc(II) complexes with an S 2 N 2 binding set, though it is known that two cysteine and two histidine residues binding to the zinc(II) ion in some proteins such as the zinc finger (transcription factor IIIA and related gene-binding proteins). 4, 12 Therefore, the studies on the zinc enzymes and proteins bound to the sulfur of cysteine and nitrogen of histidine residues, together with their chemical modeling and mimicking, are intellectually attractive and experimentally demanding.
MATERIALS AND METHODS
p-Nitrophenyl acetate (NA), tris(hydroxymethyl)aminomethane (Tris), ZnCl 2 , NaCl and NaBH 4 were commercially available and used as received without farther purification. Solvents as tetrahydrofuran (THF), ethanol, acetonitrile were dried and purified by distillation prior to use. Deionized water was distilled twice. 1-Methylimidazole was purchased from Aldrich and distilled just before use. The disulfides [2-(4-X-C 6 H 4 CONH)C 6 H 4 -S] 2 (X = H, MeO, F and CN) and (C 6 H 5 -S) 2 were synthesized by a method reported in the literature. 13 The complexes [Zn{S-2-(C 6 H 5 CONH)C 6 H 4 } 2 (l-MeIm) 2 ] and [Zn(S-C 6 H 5 ) 2 (l-MeIm) 2 ] were synthesized as reported previously.
10 '
14
C, Η and Ν analyses were made on a Perkin-Elmer 240C elemental analyzer at the analysis center cf the Nanjing University. 500 MHz 'H NMR spectroscopic measurements were performed on a Bruker AM-500 NMR spectrometer, using TMS (SiMe 4 ) as an internal reference. The hydrolysis measurements of NA were carried out on a Shimazu UV-vis 240 spectrophotometer with a thermostatic apparatus.
Syntheses: The complexes [Zn{S-2-(4-X-C 6 H 4 CONH)C 6 H 4 } 2 (l-MeIm) 2 ] (X = MeO, F and CN) were prepared by a method similar to that for [Zn{S-2-(C 6 H 5 CONH)C 6 H 4 } 2 (l-MeIm) 2 ].
14 Typical procedures were given below as an example for the case of the complex with p-F substituent. The disulfide [2-(4-F-C 6 H 4 CONH)C 6 H 4 -S] 2 (130.0 mg, 0.264 mmol) was reduced by excess NaBH 4 in a THF and ethanol (1:1, 10 ml) solution. The mixture was stirred at room temperature for about 1 h to give a clear solution, and then was added dropwise to a stirred solution ofZnCl 2 (36.0 mg, 0.264 mmol) and 1-methylimidazole (0.0428 ml, 0.528 mmol) in THF (10 ml). The solvents were removed by evaporation after 1 h stirring and then toluene (50 ml) was added to the residue. The mixture was stirred overnight and the undissolved species were removed by filtration, and then the toluene was removed from the filtrate in vacuo to give crude products. After recrystallizationn from acetonitrile, almost colorless powder was obtained with 70% yield.
Kinetic studies of the hydrolysis of NA by spectrophotometry: During the measurements, the increase in absorbance at 403 nm originated from the released p-nitrophenolate (NP) was followed in aqueous Tris-HCl buffer (pH = 7.50) solution containing 40% (v/v) acetonitrile and I = 0.10 Μ (adjusted with NaCl) at 25 ± 0.1 °C. The buffer solution contained 20 mM Tris. The concentration of NA was 1.015, 2.030,
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3.045 mM, and the concentration of the zinc(II) complex was 0.279, 0.558, 0.837 mM, respectively. The reference solution used for the UV-vis absorption measurements contained no NA and the other components were the same as those in the reaction solution. The increase of UV absorbance was recorded as the hydrolysis reaction started, and was followed generally until ca. 2% formation of p-nitrophenolate. The data were processed by the initial slope method. 15 
RESULTS AND DISCUSSION
The hydrolysis reaction of the NA catalyzed by the zinc(II) complexes is shown schematically as follows:
ΝΑ NP
The velocity determined in the experiment was the sum of all possible factors contributing to the hydrolysis. Therefore, the velocity of the reaction can be expressed as
Among them, k c is the second rate constant of the hydrolysis catalyzed by the Zn(II) complex, ε is the mole absorption coefficient, 1 is the cell length, and A is the absorbance. k^ is the observed rate constant.
[C] is the total concentration of Zn(II) complex. k 0H . is the rate constant of the hydrolysis catalyzed by the hydroxide of the buffer solution. According to the initial slope method, we assume that the concentrations of the zinc(ll) complex, NA and the pH of the solution remain unchanged at the beginning of the reaction. Then to a certain group of concentrations of NA and complex, the total velocity ν is also a constant and can be obtained by the plot of the absorbance (A) vs. the time (t).
All the plots of A vs. t obtained have a correlation coefficient larger than 0.999 as required by the initial slope method. The obtained initial velocity ν (s'-Μ) were listed in Table 1 . In solutions with the same pH and ionic strength, the contribution of other factors were considered to be the same. Thus the k c was determined by plotting of k^ vs.
[C], The k obs was plotted vs. the concentration of [C] to give a line. The slope of 0.028 M"'s"' is the second rate constant catalyzed by 1. The same measurements were also carried out for the complexes 2-5 (Table 3) . Table 3 Second rate constants k r (M~'s"') of hydrolysis of NA catalyzed by ZnSVN, complexes at 25 °C Complexes 1 2 3 4 5 k r /(M"s"') 2.8 x 10" 1.7 χ 10" 2.0 χ 10" 2.1 χ 10" 3.4 χ 10" 1 = Zn{S-2-(C 6 H 5 CONH)C 6 H 4 },(1 -Melm) 2 ; 2 = Zn{S-2-(4-MeO-C 6 H 4 CONH)C 6 H 4 },(l-Melm),; 3 = Zn{S-2-(4-F-C 6 H 4 CONH)C 6 H 4 } 7 ( 1 -Melm),; 4 = Zn{S-2-(4-CN-C 6 H 4 CONH)C 6 H 4 },(l-Melm),; 5 = Zn(S-C 6 H s ) 2 (l-MeIm), It is noteworthy that the k c values for the complexes 1 -4 are close to one another which means that there is no obvious substitutent effect on the catalytic activity towards the hydrolysis of Ν A. In addition, the rate constants (k c ) for complexes 1 -4 are smaller than that for the complex 5.
In order to ascertain the reliability of the k c values. The procedures of the hydrolysis of NA catalyzed by complex Zn{S-2-(C 6 H 5 CONH)C 6 H 4 },(l-MeIm) 2 (1) were repeated leading to a value of 2.7 χ 10' 2 M"'s"' which agreed well with the previous k c value of 2.8 χ 10 2 M"'s' (Table 3) . In order to further evidence that the observed hydrolysis ofNA is catalyzed by these series of Zn(II) complexes themselves, the NA hydrolysis by ZnCI 2 , l-Melm and [2-(4-X-C 6 H 4 CONH)C 6 H 4 -S] 2 was measured. No catalytic activity was observed for these systems.
From previous studies, a number of Zn(II) complexes as CA models with N m O n (m = 3, η = 1; m = 4, η = 1 or m = 4, η = 0) binding site of macrocyclic or chelate ligands have been synthesized and adequately investigated. 15 " 19 Their catalytic activities are usually determined by the hydrolysis ofNA. However, up to now, no zinc enzyme model complex with S 2 N 2 binding set was reported to have the catalytic activity to promote the hydrolysis of NA. In the reported CA model complexes, the coordination configuration of the zinc(II) atom was tetragonal, pyramidal or trigonal bipyramidal. Most detailed mechanisms postulated for CA require expansion of the coordination sphere of the zinc(II) atom from four to five (or six) during the catalytic cycle. 20 pH titration is usually employed to determine the pK a of the zinc-bound water in CA model complexes. Unfortunately, the complexes used in the present study precipitated in high pH range (pH > 8.0) during the titration.
It is known from the X-ray crystal structure that the coordination environment of zinc(II) atom in the complexes 1 -5 is distorted tetrahedral with S 2 N 2 binding set in the solid state.
9 ""' 14 The solution structures of these complexes and their cadmium(II) analog have been studied by 'H and " 3 Cd NMR spectroscopy and the results indicate that the coordination environments of Zn(II) and Cd(II) are still S 2 N 2 in the acetonitrile solution.
I4 ' 2 ' In order to determine whether the S 2 N 2 binding set is retained in the CH 3 Table 4 ). Therefore, it is probable that in CD 3 CN/D,0 solution, this complex still retains the S 2 N 2 binding set. However, because of the formation of a precipitate during the pH titration of this series of complexes, we could not determine whether a water molecule coordinates to the zinc(II) ion in acetonitrile/aqueous solution. Some reported second rate constants for the hydrolysis of NA catalyzed by various nucleophiles are given in Table 5 . It can be seen from Tables 3 and 5 that the second rate constants of complexes 1 -5 are cf the same magnitude as for the reported typical CA model complexes, although they are smaller than that of native bovine carbonic anhydrase (Table 5) . 24 Studies on the Hydrolysis of P-Nitrophenyl Acetate Catalyzed by Zinc(II) Complexes with an S2N2 Binding Set Table 5 Second rate constants k r (M"'s"') for the hydrolysis of NA at 25 °C Nucleophile k. ΡΚ,(Η,Ο) Zn^-r^laneN," 3.6 x 10" The present study revealed for the first time that the zinc(II) complexes with S,N 2 binding set have high catalytic activity for the hydrolysis of NA. Further studies on the catalysis mechanism of ZnS 2 N 2 complexes toward the hydrolysis of NA are needed and the researches on this aspect are now undergoing in our lab.
